nal portion of a core-2 O-glycan that caps the PSGL-1 N terminus (41) . A. phagocytophilum cooperatively binds to ␣2,3-sialic acid and ␣1,3-fucose of sLe x and an amino acid sequence in the human PSGL-1 N terminus (5, 20, 25, 78) . Interaction with ␣2,3-sialic acid of sLe x is critical for the bacterium to invade human myeloid cells (20) . Pretreatment of myeloid cells with the CSLEX1 monoclonal antibody (MAb), which recognizes the ␣2,3-linked sialic acid determinant of sLe x (13) , or enzymatic removal of sialic acid residues results in inefficient A. phagocytophilum binding to sLe xcapped PSGL-1 and markedly inhibits infection (5, 20) . The PSGL-1 N-terminal peptide determinant is important for A. phagocytophilum to infect human neutrophils but not murine neutrophils (5, 78) , whereas sialic acid residues are crucial for the organism to interact with human and murine neutrophils (5) . Therefore, binding to sialic acid is critical for A. phagocytophilum to infect neutrophils of both its natural murine and incidental human hosts. An A. phagocytophilum invasin that targets sialic acid or any other known determinant required for infection has yet to be identified.
Outer membrane protein A (OmpA), also known as peptidoglycan-associated lipoprotein, is conserved among most Gramnegative bacteria and interacts with peptidoglycan to maintain outer membrane integrity (7, 19) . It is also important for the virulence of several Gram-negative pathogens (19, 53, 54) . A. phagocytophilum and Ehrlichia chaffeensis, which is an Anaplasmataceae member that infects monocytes (32) , encode OmpA but lack most peptidoglycan synthesis genes (26) . E. chaffeensis OmpA contributes to infection, as pretreating bacteria with OmpA antiserum inhibits infection of monocytes (10) . Accordingly, we hypothesized that A. phagocytophilum OmpA may be important for the pathogen to infect mammalian host cells.
MATERIALS AND METHODS

Cell lines and cultivation of uninfected and A. phagocytophilum-infected HL-60 cells. Chinese hamster ovary (CHO) cells transfected to express sLe
x -capped PSGL-1 (PSGL-1 CHO cells) (35, 76) , untransfected CHO cells, and RF/6A rhesus monkey choroidal endothelial cells (ATCC CRL-1780; American Type Culture Collection [ATCC], Manassas, VA) were cultivated as described previously (28, 68) . Uninfected HL-60 cells (ATCC CCL-240) and HL-60 cells infected with the A. phagocytophilum NCH-1 strain or a transgenic A. phagocytophilum HGE1 strain expressing green fluorescent protein (GFP) (12) were cultivated as described previously (56) . Spectinomycin (100 g/ml; Sigma-Aldrich, St. Louis, MO) was added to HL-60 cultures harboring transgenic HGE1 bacteria.
Analyses of ompA expression over the course of infection. HL-60 cells were synchronously infected with A. phagocytophilum DC organisms (68) . Indirect immunofluorescence microscopic examination of aliquots recovered at 24 h confirmed that Ն60% of HL-60 cells contained morulae and that the mean number of morulae per cell was 2.8 Ϯ 0.6. The infection time course proceeded for 36 h at 37°C in a humidified atmosphere of 5% CO 2 . The length of the time course enabled the bacteria to complete their biphasic developmental cycle and initiate a second round of infection (68) . Every 4 h, aliquots were removed and processed for RNA isolation. Reverse transcriptase quantitative PCR (RT-qPCR) was performed as described previously (69) . Gene-specific primers used for RT-qPCR are listed in Table 1 . Relative transcript levels for each target were normalized to the transcript levels of the A. phagocytophilum 16S rRNA gene (aph_1000) using the 2 Ϫ⌬⌬CT method (38) . To present the ompA transcript levels in the context of the A. phagocytophilum biphasic developmental cycle, normalized transcript levels were calculated as the fold change in expression relative to expression at 16 h, a time point at which the bacterial population consists exclusively of RC organisms (68) .
Transmission feeding of A. phagocytophilum-infected Ixodes scapularis nymphs. Transmission feeding of A. phagocytophilum-infected I. scapularis nymphs on C3H/HeJ mice and RNA extraction from salivary glands obtained from transmission-fed and uninfected control nymphs were performed as described previously (40) . RT-qPCR was performed as described above.
Recombinant protein and antiserum production. A. phagocytophilum genes of interest and Orientia tsutsugamushi (Ikeda strain) OmpA were amplified using primers listed in Table 1 and Platinum Pfx DNA polymerase (Invitrogen, Carlsbad, CA). Amplicons were cloned into pENTR/TEV/D-TOPO (Invitrogen) as described previously (30) to yield pENTR-candidate gene entry plasmids containing the genes of interest. Plasmid inserts were verified, and recombination of the candidate gene insert downstream of and in frame with the gene encoding GST was achieved using the pDest-15 vector (Invitrogen) as described previously (30) . Expression and purification of GST-OmpA, GST-tagged OmpA residues 19 to 74 (GST-OmpA ), GST-OmpA , GST-APH_1387 112-579 , GST-major surface protein 5 (Msp5), GST-tagged O. tsutsugamushi OmpA (GST-OtOmpA), and GST alone were performed as described previously (69) . Generation of murine polyclonal antisera against each protein was performed as described previously (69) .
Western blot analyses and spinning-disk confocal microscopy. Antisera generated in this study and previous studies targeted OmpA, Msp5, APH_0032 (29) , Asp55 (55-kDa A. phagocytophilum surface protein), and Asp62 (62-kDa A. phagocytophilum surface protein) (16, 50, 59) . Western blot analyses were performed as described previously (69) . A. phagocytophilum-infected HL-60 cells were processed and analyzed via indirect immunofluorescence using spinning-disk confocal microscopy as described previously (3, 27) .
Surface trypsin digestion of intact A. phagocytophilum DC organisms. The surface trypsin digestion of intact A. phagocytophilum DC organisms was performed as described by Wang and colleagues (74) . Intact DC bacteria were incubated at a 10:1 ratio of total protein to trypsin (Thermo Scientific, Waltham, MA) in 1ϫ phosphate-buffered saline (PBS) or vehicle alone at 37°C. After 30 min, phenylmethanesulfonyl fluoride (Sigma-Aldrich) was added to a final concentration of 2 mM to terminate the digestion. Bacteria were pelleted at 5,000 ϫ g for 10 min, after which pellets were resuspended in urea lysis buffer and processed as described previously (69) . Lysates of trypsin-and vehicle-treated A. phagocytophilum organisms were fractionated by SDS-PAGE, subjected to Western blot analysis, and screened with antibodies targeting OmpA, Asp55 (16), Msp5, and APH_0032 (29) .
Flow cytometry. HL-60 cells (1 ϫ 10 7 ) infected with transgenic HGE1 organisms expressing GFP were sonicated followed by differential centrifugation to pellet host cellular debris (68) . GFP-positive A. phagocytophilum DC bacteria and remaining host cellular debris were pelleted (68) and Anti-OmpA serum inhibition of A. phagocytophilum infection. A. phagocytophilum DC organisms were incubated with heat-inactivated mouse polyclonal antiserum targeting GST or GST-OmpA (1.5 mg/ml) for 30 min. The bacteria were added to HL-60 cells in the presence of antiserum for 1 h. Unbound bacteria were removed, and aliquots of host cells were examined for bound A. phagocytophilum organisms using indirect immunofluorescence microscopy (55) . The remainders of the samples were incubated for 48 h, after which host cells were examined for morulae (55) .
In silico analyses. The MEMSAT-SVM algorithm (bioinf.cs.ucl.ac.uk/psipred) was used to predict the membrane topology of A. phagocytophilum OmpA. Predicted signal sequences for Anaplasma sp., Ehrlichia sp., and O. tsutsugamushi OmpA proteins were determined using TMPred (www.ch.embnet.org/software/TMPRED_form). Alignments of OmpA sequences (minus the predicted signal sequences) were generated using CLUSTAL W (66). The tertiary structure for A. phagocytophilum OmpA was predicted using the PHYRE 2 (Protein Homology/analogy Recognition Engine, version 2.0) server (www.sbg.bio.ic.ac.uk/phyre2) (33) .
Binding of GST-OmpA to mammalian host cells and competitive inhibition of A. phagocytophilum infection. For recombinant protein binding studies, RF/6A, CHO, or PSGL-1 CHO cells were incubated with 4 M GST, GST-OmpA, GST-OmpA , GST-OmpA , GSTOtOmpA, or GST-APH_1387 112-579 at 37°C for 1 h. Host cells were washed with PBS to remove unbound proteins, fixed with 4% (vol/vol) paraformaldehyde in PBS for 1 h, and permeabilized with ice-cold methanol for 30 s. Bound GST-fusion protein was detected using a rabbit anti-GST antibody (Invitrogen) followed by Alexa Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen) and indirect immunofluorescence microscopy or flow cytometry. In some cases, RF/6A cells were treated with trypsin (10 g/ml; Sigma) at 37°C for 30 min or a sialidase cocktail at 37°C for 1 h prior to flow cytometric analyses (5) . To monitor the efficacy of enzymatic removal of sialic acid residues, mock-and sialidase-treated RF/6A cells were incubated with either biotinylated Maackia amurensis lectin II (MAL-II) followed by streptavidin-conjugated Alexa Fluor 488 or fluorescein-conjugated Sambucus nigra agglutinin (SNA). MAL-II and SNA binding was measured by flow cytometry as described by HeimburgMolinaro and colleagues (23) . For blocking of A. phagocytophilum infection, HL-60 or RF/6A cells were incubated with recombinant proteins (4 M) for 1 h, after which A. phagocytophilum organisms were added, and incubation of bacteria with the host cells continued in the presence of recombinant protein for 2 h. Unbound bacteria were removed, and the samples were either assessed for surface-associated bacteria or incubated for 48 h followed by immunofluorescence microscopy analysis for the presence of morulae. In some cases, host cells were treated with 10 g/ml of MAb CSLEX1 or mouse IgM isotype control (BD Biosciences) on ice for 1 h prior to the addition of bacteria.
Statistical analyses. Statistical analyses were performed using the Prism 5.0 software package (Graphpad, San Diego, CA). If one-way analysis of variance (ANOVA) indicated a group difference (P Ͻ 0.05), then Dunnett's post hoc test was used to test for a significant difference among groups. In some instances, the Student t test was used to assess statistical significance. Statistical significance was set at P values of Ͻ0.05.
RESULTS
A. phagocytophilum upregulates ompA expression during invasion of myeloid cells and during transmission feeding of infected I. scapularis nymphs. We determined the ompA transcriptional profile over the course of A. phagocytophilum infection in HL-60 cells. ompA expression increased during the first 8 h of infection relative to the DC inoculum, after which it subsided until it reached its lowest level at 28 h (Fig. 1A) . Between 28 and 36 h, a time period that corresponds to RC-to-DC organism differentiation, DC organism exit, and initiation of the second round of infection (68) , ompA expression increased. It takes up to 4 h for the majority of bound A. phagocytophilum organisms to enter and reside within nascent host cell-derived vacuoles (2, 4, 31) . Thus, genes that are upregulated between 0 and 4 h and in the initial hours following bacterial entry may encode products that are important for infection. ompA expression steadily increased during the initial 4 h of infection of HL-60 cells but remained relatively stagnant during the first 4 h of infection of RF/6A endothelial cells ( Fig. 1B and C) .
We investigated whether bacterial engagement of PSGL-1 upregulates ompA transcription. Chinese hamster ovary cells transfected to express sLe x -capped PSGL-1 are ideal models for studying A. phagocytophilum interactions with PSGL-1 and sLe x (5, 35, 68, 76, 78) . PSGL-1 CHO cells support A. phagocytophilum binding but not infection, while untransfected CHO cells lacking PSGL-1 expression do not support bacterial binding (5, 70, 78) . A. phagocytophilum binding to PSGL-1 CHO cells occurs through bacterial engagement of sLe x -capped PSGL-1 and excludes interactions with other undefined receptors that facilitate PSGL-1/ sLe x -independent adherence (5, 55, 56, 58, 70, 78) . DC bacterial binding to PSGL-1 CHO cells did not increase ompA transcription (Fig. 1D) .
A. phagocytophilum genes that are induced during transmission feeding of infected I. scapularis ticks are presumably important for establishing infection in mammals. We examined ompA expression in A. phagocytophilum-infected I. scapularis nymphs during transmission feeding on naïve mice. Transcripts for ompA were not detected in unfed A. phagocytophilum-infected nymphs (Fig. 1E ). However, ompA expression was induced during transmission feeding, being first detected at 48 h.
A. phagocytophilum expresses OmpA during infection of HL-60 cells, humans, and mice. The ompA coding region (19.9 kDa, excluding the signal sequence) was cloned and expressed in E. coli, resulting in an N-terminal GST-tagged fusion protein (GST-OmpA) ( Fig. 2A) . After glutathione-Sepharose affinity chromatography, purified GST-OmpA appeared as a 46.0-kDa band upon SDS-PAGE. The fusion protein was used to immunize mice. Polyclonal OmpA antisera recognized proteins of 22.1 kDa and 19.9 kDa, which correspond to the anticipated sizes for OmpA preprotein and mature OmpA, respectively, in a whole-cell lysate of A. phagocytophilum organisms derived from infected HL-60 cells but not an uninfected HL-60 cell lysate (Fig. 2B ). HGA patient serum and A. phagocytophilum-infected mouse serum each recognized GST-OmpA (Fig. 2C) , signifying that A. phagocytophilum expresses OmpA during infection of humans and mice and that OmpA stimulates the humoral immune response. Two additional HGA patient serum samples also recognized GST-OmpA (data not shown).
A. phagocytophilum differentially expresses OmpA during infection of mammalian versus tick cells. Because A. phagocyto-philum infects myeloid cells, endothelial cells, and I. scapularis cells (24, 57, 63, 75) , we examined OmpA expression in infected HL-60 cells, RF/6A cells, and ISE6 cells, respectively. Screening with antibodies targeting Msp2 (P44; used to identify the bacteria) and OmpA during asynchronous infection revealed that 100.0% Ϯ 0.0% and 48.6% Ϯ 15.9% of morulae in HL-60 and RF/6A cells, respectively, harbored organisms that expressed OmpA (Fig. 3) . Examination of morulae at 16, 20, 24, 32, and 36 h following a synchronous infection of HL-60 cells revealed that 100% were OmpA positive for all time points (data not shown). Only 7.0% Ϯ 3.5% of morulae in ISE6 cells contained OmpApositive bacteria (Fig. 3) . Similar results were observed upon examining morulae within ISE6 cells each day over a 7-day period following a synchronous infection (data not shown).
OmpA is presented on the A. phagocytophilum surface. AntiOmpA recognition of intracellular A. phagocytophilum organisms yielded a ring-like staining pattern on the periphery of each bacterium that overlapped with signal corresponding to Msp2 (P44) and was similar to that of Asp62, both of which are confirmed surface proteins (16, 57) (Fig. 3A) . To assess surface presentation of OmpA, we employed a method that has been used to verify the surface localization of Chlamydia trachomatis major outer mem- The infection proceeded for 36 h, a time period that allows for the bacteria to complete their biphasic developmental cycle and reinitiate infection. Total RNA was isolated from the DC inoculum and from infected host cells at several postinfection time points. RT-qPCR was performed using genespecific primers. Relative transcript levels for each target were normalized to A. phagocytophilum 16S rRNA gene transcript levels using the 2 Ϫ⌬⌬CT method. To determine relative ompA transcription between RC and DC organisms, normalized transcript levels of each gene per time point were calculated as the fold change in expression relative to expression at 16 h, a time point at which the A. phagocytophilum population consists exclusively of RC organisms. The data are the means and standard deviations of results for triplicate samples and are representative of two independent experiments that yielded similar results. (B through D) DC organisms were incubated with HL-60 (B), RF/6A (C), and PSGL-1 CHO (D) cells for 4 h, a period that is required for bacterial adherence and for Ն90% of bound bacteria to invade host cells. A. phagocytophilum cannot invade PSGL-1 CHO cells. Total RNA was isolated from the DC inoculum and from host cells at 1, 2, 3, and 4 h following bacterial addition. (E) A. phagocytophilum-infected I. scapularis nymphs were allowed to feed on mice for 72 h. Total RNA was isolated from the salivary glands of uninfected and transmission-fed ticks that had been removed at 24, 48, and 72 h postattachment. Total RNA was isolated from combined salivary glands and midguts from unfed ticks. (B through E) RT-qPCR was performed using gene-specific primers. Relative transcript levels for ompA were normalized to A. phagocytophilum 16S rRNA gene transcript levels. The normalized values in panels B through D are presented relative to ompA transcript levels of the DC inoculum. Data are the means and standard deviations of results for triplicate samples and are representative of two independent experiments that yielded similar results. brane protein (74) . Intact A. phagocytophilum DC organisms were incubated with trypsin followed by solubilization, Western blotting, and screening with anti-OmpA to determine if immunoaccessible domains are on the bacterial surface. Positive-control antisera targeted confirmed surface proteins Asp55 and Msp5 (16, 39) . Negative-control antiserum was specific for APH_0032, which is an A. phagocytophilum effector that localizes to the bacterium's vacuolar membrane and is not a surface protein (29) . Anti-Asp55 is specific for a peptide epitope of a surface-exposed loop of the target protein (16) . Considerably less detection of OmpA, Asp55, and Msp5 but not APH_0032 was observed for surface-trypsinized bacteria than for vehicle control-treated bacteria (Fig. 4A) . As a complementary approach, transgenic A. phagocytophilum DC organisms expressing GFP (12, 56) were recovered from HL-60 cells and screened with anti-OmpA or positive-control antiserum obtained from an A. phagocytophilum-infected mouse by flow cytometry. The serum from the A. phagocytophilum-infected mouse (72), which recognizes Msp2 (P44) in a Western blot and intact A. phagocytophilum bacteria in indirect immunofluorescence microscopy (data not shown), recognized 1.7 Ϯ 0.2-fold more DC organisms than preimmune mouse serum (Fig. 4B) . Anti-OmpA recognized 6.4 Ϯ 1.1-fold more DC bacteria expressing GFP than preimmune mouse serum. Similar results were obtained for RC organisms (data not shown). Pretreatment of A. phagocytophilum with anti-OmpA reduces infection of HL-60 cells. Because OmpA is exposed on the A. phagocytophilum surface, we examined whether treating DC organisms with heat-inactivated anti-OmpA serum prior to incubation with HL-60 cells alters bacterial adhesion to, or infection of, host cells. Anti-OmpA had no effect on bacterial adhesion but significantly reduced infection (Fig. 5A through D) . Pretreatment of bacteria with mouse polyclonal anti-GST serum had no effect on binding or infection.
In silico analyses of A. phagocytophilum OmpA and comparisons with homologs from other Rickettsiales pathogens. Since anti-OmpA inhibits A. phagocytophilum infection, we hypothesized that OmpA may contribute to infection of host cells. We performed in silico analyses to identify the predicted extracellular region of OmpA, which would putatively contain any receptorbinding domain, and to assess whether this and other regions of OmpA are conserved among its homologs from other Rickettsiales bacteria. The OmpA N-terminal region extending through amino acid 86 is predicted to comprise the only extracellular domain, and amino acids 87 to 102 are predicted to form a transmembrane helix (Fig. 6A) . A multiple-sequence alignment revealed that the A. phagocytophilum OmpA sequence has several stretches that exhibit identity or similarity with its homologs from other Anaplasma spp., Ehrlichia spp., and O. tsutsugamushi, an obligate intracellular bacterial pathogen that is in the order Rickettsiales (Fig.  6A and B) .
The PHYRE 2 server (www.sbg.bio.ic.ac.uk/phyre2) predicts tertiary structures for protein sequences and threads the predicted structures on known crystal structures (33) . The highest-scoring model for A. phagocytophilum OmpA that exhibits the greatest amino acid sequence identity with the crystal structure on which it was threaded, Bacillus subtilis chorismate mutase, which is in the OmpA superfamily, is presented in Fig. 6C . Amino acids 44 to 56 are predicted to form a surface-exposed helix and loop. The peptide K[IV]YFDaXK (where "a" and "X" represent a nonpolar and any amino acid, respectively), which corresponds to A. phagocytophilum OmpA residues 49 to 56, is conserved among Anaplasma spp., Ehrlichia spp., and O. tsutsugamushi OmpA proteins (Fig. 6) .
Interactions of GST-OmpA with endothelial cells. We next tested if we could detect GST-OmpA binding to RF/6A cells. Since OmpA proteins of A. phagocytophilum and O. tsutsugamushi exhibit regions of identity (Fig. 6B) , O. tsutsugamushi infects endothelial cells (17) , and it is unknown whether O. tsutsugamushi OmpA interacts with endothelial cells, we also assessed whether GST-tagged O. tsutsugamushi OmpA (GST-OtOmpA) bound to RF/6A cells. Negative controls for cellular adhesion were GST alone and GST-tagged APH_1387 amino acids 112 to 579 (GST-APH_1387 112-579 ). APH_1387 is an A. phagocytophilum effector that associates with the bacterium's vacuolar membrane (30) . APH_1387 amino acids 112 to 579 lack the transmembrane domain that is required for interacting with eukaryotic cell membranes (unpublished observation). GST-OmpA but not GST bound to RF/6A cells ( Fig. 7A and B) . Neither GST-APH_ 1387 112-579 nor GST-OtOmpA bound the host cells. GST-tagged A. phagocytophilum OmpA binding to RF/6A cells is therefore specific because the recombinant form of neither an irrelevant A. phagocytophilum protein nor OmpA derived from another Rickettsiales bacterium binds to RF/6A cells. GST-OmpA binding to RF/6A cells does not involve PSGL-1 or sLe x since antibodies targeting either receptor fail to bind RF/6A cells (data not shown) and a previous report demonstrated that endothelial cells do not express PSGL-1 (34). We examined if preincubating RF/6A cells with GST-OmpA competitively inhibits A. phagocytophilum binding or infection. GST-OmpA but not GST significantly inhibited infection (Fig. 7C ). Neither recombinant protein inhibited A. phagocytophilum adhesion (data not shown).
Sialidase and trypsin treatments markedly reduce GSTOmpA binding to host cells. Enzymatic removal of sialic acid residues from myeloid cell surfaces pronouncedly inhibits A. phagocytophilum binding and infection (5, 20) . Sialic acid residues are also important for A. phagocytophilum infection of RF/6A cells, as pretreatment of RF/6A cells with sialidases reduced A. phagocytophilum infection by 52.8% Ϯ 1.4% (Fig. 8A) . The MAL-II lectin recognizes sialic acids that are attached to galactose units via ␣2,3 linkages (73). The SNA lectin preferentially binds to sialic acid attached to galactose in an ␣2,6 linkage (60). Sialidase treatment abolished MAL-II binding and markedly reduced SNA binding (Fig. 8B) , indicating that the sialidase cocktail completely removed ␣2,3-linked sialic acids and partially removed ␣2,6-linked sialic acids. GST-OmpA did not bind as well to RF/6A cells that had been incubated in the vehicle control buffer as it did with cells incubated in other buffers (Fig. 8C and D) . Nonetheless, GST-OmpA binding to sialidase-treated cells was reduced. These results suggest that OmpA recognizes ␣2,3-linked sialic acids but is also capable of interacting with ␣2,6-linked sialic acids. Pretreatment of RF/6A cells with trypsin, which would effectively digest protein and glycoprotein receptors, including terminally sialylated glycoproteins, nearly eliminated GST-OmpA binding (Fig. 8D) .
GST-OmpA competitively inhibits A. phagocytophilum infection of HL-60 cells. To define the relevance of OmpA to A. phagocytophilum infection of human myeloid cells and to delineate the OmpA region that is critical for cellular invasion, we examined if preincubating HL-60 cells with GST-OmpA or frag- Fig. 9 , are denoted in boldface. Amino acids that are highly similar or weakly similar are underscored by two dots or one dot, respectively. (A) A. phagocytophilum OmpA amino acids that are predicted to be extracellular and to form a transmembrane domain are denoted by an asterisk and a plus sign, respectively, above them. Amino acids that are identical among all six, five of six, four of six, and three of six sequences are highlighted in red, yellow, green, and blue, respectively. If a given amino acid is identical among the three Anaplasma species sequences and the amino acid at the same position is identical among the three Ehrlichia species sequences but is different from the one in the Anaplasma species sequences, then the amino acid for only the Anaplasma species sequences is highlighted in blue. (B) Amino acids that are identical in the A. phagocytophilum and ments thereof inhibits infection by A. phagocytophilum DC organisms. GST-tagged full-length OmpA and OmpA , which comprises the majority of the predicted extracellular domain, but not GST-OmpA or GST alone significantly inhibited infection ( Fig. 9 ) but had no effect on adhesion (data not shown). GST-OmpA inhibits A. phagocytophilum binding to sLe xcapped PSGL-1. A. phagocytophilum binding to the ␣2,3-linked sialic acid determinant of sLe x is necessary for the bacterium to optimally engage sLe x -capped PSGL-1 and leads to infection of myeloid cells (20, 78) . Since GST-OmpA recognizes ␣2,3-sialic acid and competitively inhibits A. phagocytophilum infection of HL-60 cells, we rationalized that GST-OmpA binds to ␣2,3-sialic acid of sLe x . To test this, we incubated PSGL-1 CHO cells with GST-OmpA in an attempt to block A. phagocytophilum access to the ␣2,3-sialic acid determinant of sLe x -capped PSGL-1 and thereby inhibit bacterial adherence to these cells. As a positive control for preventing bacterial access to the ␣2,3-linked sialic acid determinant of sLe x , PSGL-1 CHO cells were incubated with CSLEX1 (13) . PSGL-1 CHO cells treated with GST or mouse IgM served as negative blocking controls. GST-OmpA reduced A. phagocytophilum binding to sLe x -modified PSGL-1 by approximately 60% relative to GST alone, and this degree of inhibition was comparable to the blocking afforded by CSLEX1 (Fig. 10) .
DISCUSSION
Sialic acid has long been known to be a determinant that is important for A. phagocytophilum infection (20) . This study demonstrates that OmpA targets sialylated glycoproteins to promote A. phagocytophilum infection. Our results fit the model that A. phagocytophilum employs multiple surface proteins to bind three determinants of sLe x -capped PSGL-1 to infect myeloid cells (Fig.  11A) (5, 78) . When these data are examined in the context of results obtained from our studies (5, 55, 56, 58, 78) and those of others (20, 25) , the respective contributions of sialic acid, ␣1,3-fucose, and PSGL-1 N-terminal peptide to A. phagocytophilum binding and entry become clearer. Treating myeloid cells with CSLEX1 to block A. phagocytophilum binding to the sialic acid determinant of sLe x markedly reduces infection (Fig. 11C ) (20) , a phenomenon that is analogous to the inhibitory action of GSTOmpA. Moreover, the inhibitory effects of CSLEX1 and GSTOmpA on A. phagocytophilum binding to PSGL-1 CHO cells are nearly identical. Therefore, while OmpA is capable of binding O. tsutsugamushi OmpA sequences are highlighted in red. (C) Predicted tertiary structure for A. phagocytophilum OmpA. The OmpA mature protein sequence was analyzed using the Phyre 2 algorithm. The highest-scoring model (confidence value of 99.97%) that exhibited the greatest amino acid identity was for A. phagocytophilum OmpA amino acids 23 to 158 threaded on the crystal structure for amino acids 1 to 133 of Bacillus subtilis chorismate mutase, which is in the OmpA superfamily. The orange portion corresponds to amino acids 44 to 56, which is predicted to form a surface-exposed helix and loop. The red portions correspond to Lys 49, Tyr 51, Phe 52, Asp 53, and Lys 56 of the K[IV]YFDaXK peptide (where "a" is a nonpolar amino acid and "X" is any amino acid), which corresponds to A. phagocytophilum OmpA residues 49 to 56 and is conserved among Anaplasma spp., Ehrlichia spp., and O. tsutsugamushi OmpA proteins. sialic acid determinants of varied sialylated glycans, its specific interaction with the sialic acid residue of sLe x is important for bacterial entry. GST-OmpA and GST-OmpA binding to host cells reduces A. phagocytophilum infection of HL-60 cells by approximately 52 and 57%, respectively, but has no inhibitory effect on bacterial adhesion. Thus, bacterial recognition of the PSGL-1 N terminus, ␣1,3-fucose of sLe x , and perhaps sLe x -/PSGL-1-independent interactions that still occur when the OmpA-sialic acid interaction is disrupted facilitates bacterial binding but leads to suboptimal infection (Fig. 11B) (5, 25, 55, 56, 58, 78) . Antibodies that block access to the PSGL-1 N-terminal peptide determinant prevent bacterial binding and infection (25, 55, 78) . Therefore, the collective avidity mediated by OmpA interaction with sialic acid together with A. phagocytophilum recognition of ␣1,3-fucose is insufficient to promote bacterial adhesion and, consequently, entry in the absence of PSGL-1 recognition (Fig. 11D) . ␣1,3-Fucose is also important for bacterial binding and internalization (5, 25) and is the only known determinant that A. phagocytophilum requires to colonize I. scapularis ticks (51) . Multiple surface proteins that play distinct roles in binding and invasion have also been demonstrated for spotted fever Rickettsia species (8) .
GST-OmpA or GST-OmpA binding to sialic acids presented on HL-60 cell surfaces was sufficient to competitively block access of native OmpA on the bacterial surface to sialic acids and thereby retard infection. The inhibition was specific, as GSTOmpA and GST alone each failed to reduce infection. Yet we were unable to detect GST-OmpA binding to HL-60 cells or PSGL-1 CHO cells by indirect immunofluorescence or flow cytometry (data not shown). These phenomena are consistent with the facts that A. phagocytophilum binding to sialic acid on myeloid cell surfaces and to sLe x -capped PSGL-1-modeled glycopeptides in the absence of concomitant binding to the PSGL-1 backbone cannot be detected (5, 25, 78) . Thus, when it does not occur in the context of a multivalent interaction, GST-OmpA binding to the sialic acid determinant of PSGL-1 on HL-60 cell surfaces is insufficient to withstand the shear forces encountered during the multiple centrifugation steps of sample processing.
The ability of OmpA to recognize sialylated glycans other than sLe x presumably contributes to A. phagocytophilum infection of sLe x -deficient RF/6A endothelial cells. OmpA likely cooperates with additional bacterial surface proteins that interact with sialic acid-independent determinants to facilitate infection of endothelial cells. These premises are supported by our observations that while GST-OmpA binding to RF/6A cells was sialidase sensitive and GST-OmpA competitively inhibited A. phagocytophilum infection of RF/6A cells, neither treatment abolished infection. Completely removing ␣2,3-sialic acid residues and partially removing ␣2,6-sialic residues from RF/6A cell surfaces inhibited but did not eliminate GST-OmpA binding, an observation that is consistent with the reduced binding of A. phagocytophilum to host cells treated with the same sialidase cocktail as that used in this study (5, 20) . OmpA may bind to sialic acid residues in ␣2,6 or ␣2,9 linkages or to another sugar that is insensitive to sialidase treatment. Trypsin-mediated cleavage of RF/6A surface proteins nearly abolishes GST-OmpA binding, which supports the involvement of a protein receptor and suggests that the sialylated glycans with which OmpA interacts most likely decorate glycoproteins as opposed to glycolipids.
The freshwater Gram-negative bacterium Caulobacter crescentus responds to initial contact to surfaces by triggering just-intime adhesin production that promotes maximal binding (36) . In a similar manner, A. phagocytophilum adherence to HL-60 cells upregulates ompA, which conceivably enhances binding and thereby promotes invasion. A. phagocytophilum engaging sLe
xcapped PSGL-1 itself does not increase ompA expression, as evidenced by the lack of change in ompA transcript levels following bacterial binding to PSGL-1 CHO cells. Therefore, A. phagocytophilum interaction with one or more sLe x -and PSGL-1-independent receptors on HL-60 cells is coincident with an increase in ompA expression. A. phagocytophilum entry via sLe x -and PSGL-1-independent as well as caveola-dependent routes has been demonstrated (37, 55, 56, 58) . Whether these two internalization routes are one and the same and whether caveola-dependent entry upregulates ompA expression remain to be discerned. A. phagocytophilum DC binding to RF/6A cells, which lack PSGL-1 and sLe x expression on their surfaces, does not upregulate ompA. This hints that the bacterium's preexisting level of OmpA is sufficient to infect endothelial cells.
OmpA is transcriptionally induced during tick transmission feeding, which implies that bacterial sensing of an undefined stimulus associated with the blood meal leads to ompA upregulation. E. chaffeensis ompA is part of a regulon that is under the transcriptional control of CtrA, a response regulator of the bacterium's two-component regulatory system (10) . CtrA is conserved among all sequenced Anaplasmataceae members (9). It is unknown whether CtrA transcriptionally regulates ompA in A. phagocytophilum. Gene expression of the Lyme disease Borrelia sp. virulence factor, outer surface protein C, is induced during ixodid tick transmission feeding and is essential for establishing infection in mammals (11, 18, 21, 48, 67) . OmpA may likewise be important for establishing infection in mammals. Further support for this idea comes from our observations that OmpA is expressed during A. phagocytophilum infection in humans and mice. OmpA is expressed throughout the A. phagocytophilum developmental cycle in HL-60 cells but is barely expressed in ISE6 cells. This observation is consistent with an A. phagocytophilum whole-genome transcriptional profiling study, which showed that ompA expression is over 3-fold higher during infection of HL-60 cells than during infection of ISE6 cells (47) . Thus, OmpA appears to be critical for infection of and/or survival in myeloid cells but not in tick cells.
The most comprehensively studied OmpA proteins are those of invasive Escherichia coli strains that cause neonatal meningitis. E. coli OmpA binds to GlcNAc␤1,4-GlcNAc epitopes of the gp96 homolog, Ecgp96 (53, 61) . Thus, both A. phagocytophilum and E. coli OmpA proteins engage glycoproteins. Both are also critically important for facilitating invasion of host cells once bacterial adhesion has been achieved, but neither is essential for adherence (53, 54) . E. coli OmpA interaction with gp96 on neutrophils leads to decreases in transcript and protein levels of Rac1, Rac2, and gp91 phox , which are essential for reactive oxygen species production (43) . A. phagocytophilum was the first bacterium demonstrated to abrogate the respiratory burst by inhibiting gp91 phox and rac2 transcription (1, 6, 44) . While molecular means by which A. phagocytophilum downregulates gp91 phox and rac2 transcription have been reported (15, 65) , it will be important to determine if OmpA contributes to these phenomena.
OmpA and its Anaplasma marginale and E. chaffeensis homologs are emerging as important virulence factors and potential targets for protecting against infection. Serum against E. chaffeensis OmpA partially neutralizes ehrlichial infection of THP-1 cells (10) . A. marginale AM854 exhibits 44% amino acid identity to A. phagocytophilum OmpA. A recent study by Palmer and colleagues demonstrated that vaccinating cattle against an A. marginale OMP mixture provided protection against A. marginale challenge. Meta-analysis suggested that AM854 and two additional OMPs may be responsible for immunity afforded by the complex vaccinogen (49) . It is unknown if E. chaffeensis or A. marginale OmpA interacts with sialic acid. However, the ability of A. marginale to agglutinate erythrocytes is partially inhibited by sialidase treatment of the host cells (42) . There is considerable conservation among OmpA proteins from Anaplasma and Ehrlichia species and O. tsutsugamushi. Yet GST-OtOmpA is unable to bind RF/6A cells, which suggests that the regions of A. phagocytophilum OmpA that share identity with corresponding regions of O. tsutsugamushi OmpA may not be directly involved in mediating infection. Alternatively, O. tsutsugamushi OmpA may not be involved in facilitating infection of endothelial cells. Since A. phagocytophilum OmpA residues 19 to 74 contain the protein's cellular invasion domain, it will be crucial to pinpoint the invasion domain within this region. Of particular interest are residues 49 to 56, which are predicted to form part of a surface-exposed loop and are conserved among Anaplasma species, Ehrlichia species, and O. tsutsugamushi OmpA proteins. It will also be important to verify if antisera against the specific invasion domain or at least residues 19 to 74 can improve upon the modest inhibition afforded by antisera raised against the entire protein.
Overall, this work advances knowledge of A. phagocytophilum pathogenesis by demonstrating that OmpA is an invasin, by delineating the OmpA region that mediates interactions with host cells, and by determining that OmpA interacts with sialylated glycoproteins. Given the conservation of the OmpA invasion domain-containing region between Anaplasma and Ehrlichia species, it is imperative to further explore the efficacy of targeting OmpA as a means for intervening against infection by the many pathogenic species of these genera. (20) . Since CSLEX1 and GST-OmpA target the same determinant, they inhibit A. phagocytophilum interaction with sLe x -capped PSGL-1 and retard sialic acid-dependent infection in analogous manners. In scenarios depicted in panels B and C, the A. phagocytophilum interactions with ␣1,3-fucose of sLe x and PSGL-1 N-terminal peptide that occur when recognition of sialic acid is blocked are sufficient to enable at least some degree of bacterial adhesion. (D) MAbs that are specific for the PSGL-1 N terminus prevent A. phagocytophilum binding to the PSGL-1 N terminus (25, 55, and 78) . The bacterial interactions with ␣2,3-sialic acid and ␣1,3-fucose that occur in the absence of concomitant binding to the PSGL-1 N terminus are insufficient to enable A. phagocytophilum adhesion to sLe x -capped PSGL-1 and, consequently, cellular invasion.
